Abstr:act. The arrhythmic breathing pattern of torpid female pipistrelle bats tPipistrellus pipistrellusi was monitored using Doppler radar. A total of 98 h of radar measurements were made on II individuals over 17 experiments.during which time 974 apneic intervals were monitored, over ambient temperatures (Ta, 'C) ranging from -1 to 14 'c. and body masses rangmg from 4.6 to 7.'\ g. As Ta declined. a greater proportion of all breaths occurred in discrete breathing bouts. Apneic intervals lengthened at lower Ta, but were not related to body mass. Mean apneic length, averaged over 1 'C intervals, was best described by the least squares fit regression equation: In (apneic length in s) = 7.07-0.8111n (Ta + I), (r 2 = 0.96, P< 0.01).
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Ventilation frequency (breaths-min -'). averaged over a breathing bout and the subsequent apnea, increased as Ta increased, and was not related to body mass. Mean ventilation frequency If), averaged over I 'C intervals, was best described by the least squares fit regression equation: f= 0.812 + 0.499 Ta (r: = 09~. P < 0.011. Using previously published values for 0: consumption rv0,) in torpid pipistrelles, and tidal volume ~d 0: extraction efficiency at .. 'C in torpid bats of the same mean size (6.2 g). we calculated tbt ,il4 'C ventilation would, on avenge, supply only 14. ~-2l 1973). Recently however. Thomas et al. (1990) reported that in the microchiropteran bat Myotis lucifugus, 87.5 a ~ of the total O~ consumption in torpor occurred during breathing bouts. During apnea in this species Thomas er al. (1990) inferred that the glottis may remain closed. and the low 0: uptake (12.5°" ofV o) not accounted for by breathing might reflect difTusion across the skin.
To investigate further the state of the glottis during apnea. we examined the breathing pattern of torpid pipistrelle bats iPipistrellus pipistrellus. Microchiroptera), over a range of ambient temperatures. and compared these measures with our previously published estimates of V0, in this species.
Materials and methods
We monitored the breathing pattern of individual female pipistrelle bats. The bat was first weighed on a top pan balance (± 0.01 g). and then placed in a ventilated perspex chamber (volume 195 mI) containing a perforated plastic wall on which it could hang. a pot containing water. but no food. The chamber was placed in a refrigerator. which allowed the temperature to be manipulated. For each experiment we attempted to maintain a randomly selected. constant Ta in the range 0 to 15 "C. However. due to the nature of the refrigerator thermostat, Ta typically oscillated over a range of up to 5 =C during each experiment with a wavelength of between 30 and 80 min. We moni tored Ta in the chamber at i min intervals using a thermistor probe linked to a data logger (Grants Instruments: Squirrel). Individuals were left in the chamber overnight before ventilation measurements commenced. The breathing pattern was monitored using a Doppler radar (model 22. Mariner il Radar Ltd.) pointed at the bat's dorsal surface. We have shown previously that the III j r:1) ihmic displacement of the bat's surface detected in this way is due to breathing (Hays ! et ct., 1990) . This technique was used as it is sensitive enough to easily detect the I brc.iihing movements of buts, and yct is non-invasive and so would not precipitate Ninety-eight hours of radar measurements were made on 11 different individuals during 17 experiments (mean body mass 6.2 g. range 4.6 to 7.4 g). We arbitrarily defined apneic intervals as any periods of more than 1 min without a breath occurring. We recorded arrhythmic breathing at all the ambient temperatures (Ta, CC) tested (-1 to 14 =C).
A total of 974 apneic intervals were recorded. Apneic intervals lengthened as Ta decreased ( fig. 1) . None of the residual variation in the length of apneic intervals was explained by body mass. The best fit least squares regression equation relating mean apneic length averaged over I cC intervals to Ta. was: et al., 1968) . Similarly Hammel et al. (1968) found that in hibernating ground squirrels iCttellus lateralisi. breathing switched from being arrhythmic to being continuous when T; dropped from 6.1 to 3.5 0 C. Hammel et al. (1968) also found that the ground squirrels aroused when Ta dropped to between 2.3 and 2.8 0 C. and so suggested that this change to continuous breathing at low temperatures may have been a transitionary state which preceded arousal if the Ta dropped further. We found that in torpid pipistrelle bats both body mass and Ta influenced the breathing pattern. Arrhythmic breathing was more marked at lower temperatures. with longer apneic intervals and a greater proportion of all breaths occurring in the discrete bouts (figs. I and .3):-Larger individuals typically had shorter breathing bouts and took fewer breaths per bout. Milsorn (1988) tentatively suggested that the functional significance of arrhythmic breathing is to accommodate a reduced metabolic rate. although he stressed that there is little data on this subject. If arrhythmic breathing is an adaptation to a reduced metabolic rate, then arrhythmic breathing should be most marked when metabolic rate is at a minimum. However, while arrhythmic breathing became more marked at lower temperatures, previous work with torpid pipistrelles has shown that metabolic rate is independent of temperature over the range 4-1 0 0 C (Speakman et al., in press ). Further more. Speakman et al. (in press) found that in the Nutterer's bat (Myotis nattereri), the Dauberiton's bat (L'vlyoris daubentonii and the long-eared bat iPlecotus auritusi. which are all of similar size to the pipistrelle, metabolic rate in torpor increased with decreasing Ta in the range 0-10 0 C. Therefore. the most marked arrhythmic breathing was not found at a Ta where metabolic rate is lowest. either in pipistrelIes, or in other species of bat. Our results and therefore inconsistent with Milsorn's hypothesis (Milsom. 1988) 
There arc two published estimates for the \'0: of torpid pipistrelles. using Spencer Davis constant pressure closed respirometers. Speakman and Racey (1989) found that
.it a Ta of 4: C the mean metabolic rate wus 0.016 011 °2 , min -I . bat -I. Using open 'low respirometry, Speakman et al. (in press) found that over the range of Ta from 4 ',0 10 cC. the metabolic rate for this species was independent of Ta and increased with .ncreasing.body mass. For a 6.2 g pipisirelle the mean energy expenditure was 0.024 ml ']2' min"' I . bat -I. This value is 11.6 times the \1 0: value reported by Thomas et al. i 1990) for the bat Myotis lucifugus (5.9 to 6.7 g). The reasons for such a marked Jifference in these V0, estimates for two similar sized species are unclear. There are no estimates for the tidal volume (VT) and oxygen extraction efficiency of torpid pipistrelles. However, Cloutier (1989) has measured these values for torpid little brown bats (Myo(is /I.ICijUgllS), whose mean body mass was 6.2 g, the same as the pipistrelles used in this study. Cloutier (1989) found that at4 c C (the only temperature tested) VTwas 0.047 ml and E was 0.13. These values are similar to those calculated for a 6.2 g mammal using .he allometric equations of Stahl (1967) (V T = 0.039 rnl, E = 0.18). Furthermore, the mean f for torpid pipistrelles at 4 0 C was 2.8 breaths' min -I (95 ~.~ c.r. = 2.3 to 3.3 breaths-min -I) ( fig. 2) . which is simil;r to the value of 2.1 breaths' min -I reported by Cloutier (1989) for M. lucifugus at the same temperature. In. the absence of any con tradictory data, we therefore feel justified in using Cloutier's values to estimate V T and E in torpid pipistrelles at 4 c C. The amount of 0: taken up by breathing for torpid pipistrelles would thus be 0.0034011 0:· min -1 • bat -I (95 % c.r. = 0.0028 to 0.004011110:' min -I. bat -I). This is only 21.3"0 (95~)~ c.r. = 17.5 to 25.1 ~~) and 14.2~a (95~~ c.r. = 11.7 to 16.7'~J of the measured V0, of torpid pipistrelles Speakman and Racey, 198); Speakman et 1.11.. in press, respectively). Another major source of 0: for torpid pipistrelles is therefore implicated. apart from that obtained by active breathing.
If the glottis of torpid pipistrelles was open during apnea. as is the case with torpid marmots (Malan. 1973) . 0: would diffuse into the lungs. By measuring the partial pressure gradients of 0: and CO: along the respiratory tract, Malan (1982) has estimated that diffusion could supply 40.6" 0 of the ';'-0, in torpid hedgehogs iErinaceus europaeusi. Although these gradients have not yet been measured in any torpid bats, it s evident that diffusion can potentially be a significant source of 0: to torpid mammals. Thomas et al. (1990) have suggested that in the little brown bat (M. lucifugusi the glottis may remain closed during apnea, causing respiratory acidosis via CO 2 retention. Respiratory acidosis is a well established feature of mammalian torpor, and has been suggested to act as a metabolic depressant (Malan, 1982 (Malan, , 1989 . Thomas et al. (1990) proposed that the functional significance of a closed glottis in M. lucifugus is to produce a reduction in the metabolic rate during torpor by causing respiratory acidosis. How ever. Malan (1982) calculated that the amount of CO: retained in the body of a torpid hedgehog during apnea was not greatly influenced by whether the-glottis was open or closed. If the glottis remained open, then the ditTusional flux of CO 2 out via the lungs during a 1 h apnea would be only 6.1~;, of the total CO: production, due to the high capacitance of blood and tissues for CO: (Malan. 1982) . Furthermore. the suggestion that u closed glottis causes respiratory acidosis is inconsistent with the small pH changes that have been measured during apnea: from the start to the end of apnea. mean temperature-corrected arterial pH declined from 7.15 to only 7.12 in both torpid hedgehogs (mean apneic interval 60 min) and marmots (mean apneic interval 6 min) (Tuhti and Soivio, 1975; Malan, 1973) . Rather than being caused by CO 2 retention . during apnea. respiratory acidosis has therefore been suggested to result from CO 2 retention during the entrance into torpor. and then, once in torpor, pH is maintained at a new steady state (Snapp and Heller. 1981; Malan. 1982) . Hence, the function of the inferred closed glottis in M. lucifugus is probably not to cause respiratory acidosis.
Our data indicate that in the pipistrelle bat. the glottis probably remains open during apnea, as has been shown for torpid marmots (Malan, 1973) . The reason for the difference in the state of the glottis between P. pipistrellus and M. lucifugus remains obscure.
